We examined the role that lipid rafts play in regulating apical protein trafficking in polarized hepatic cells. Rafts are postulated to form in the TGN where they recruit newly synthesized apical residents and mediate their direct transport to the apical plasma membrane (PM). In hepatocytes, single transmembrane and glycolipid-anchored apical proteins take the "indirect" route. They are transported from the TGN to the basolateral PM where they are endocytosed and transcytosed to the apical surface. Do rafts sort hepatic apical proteins along this circuitous pathway? We took two approaches to answer this question. First, we determined the detergent solubility of selected apical proteins and where in the biosynthetic pathway insolubility was acquired. Second, we used pharmacological agents to deplete raft components and assessed their effects on basolateral-to-apical transcytosis. We found that cholesterol and glycosphingolipids are required for delivery from basolateral early endosomes to the sub-apical compartment. In contrast, fluid phase uptake and clathrin-mediated internalization of recycling receptors were only mildly impaired. Apical protein solubility did not correlate with raft depletion or impaired transcytosis suggesting other factors contribute to apical protein insolubility.
INTRODUCTION
The plasma membrane (PM) of polarized epithelial cells is physically continuous, but functionally and compositionally divided into two separate domains: the apical and basolateral. The molecular sorting mechanisms and pathways by which newly synthesized PM proteins achieve their specific yet asymmetric distributions are actively being examined in many polarized epithelial cell types. One important question is how domain-specific, integral PM proteins find their way into the right intracellular path. In general, structural signals, such as amino acid sequences, conformations or modifications on the protein itself, are thought to specify the cellular destination Several such signals required for basolateral PM targeting and/or localization have been identified, and generally they reside in the cytoplasmic tails of the proteins (reviewed in Gu et al., 2001; Ikonen and Simons, 1998; Tuma and Hubbard, 2001 ). Most of the signals contain either a tyrosine in the context of a short degenerate sequence or a di-leucine motif. Some signals overlap with those used at the PM in receptor-mediated endocytosis, while other basolateral signals, such as that in the polymeric IgA receptor (pIgA-R), are unique.
The identification of cytoplasmic signals that mediate apical PM targeting has been much more elusive. Many apical residents (e.g., single transmembrane domain (TMD) ecto-enzymes) have very short cytoplasmic tails (6-8 amino acids) or lack them entirely (e.g., glycophoshatidylinositol (GPI)-anchored proteins). However, two apical sorting signals have been proposed: extracellular glycans on the apical residents or the incorporation of apical residents into specialized membrane domains (Scheiffele et al., they recruit apically-destined proteins (especially GPI-anchored proteins), then they with their recruited cargo are transported in vesicles directly to the apical domain. Do lipid rafts sort apical residents in polarized hepatocytes? Unlike most simple polarized epithelial cells, the predominant route to the hepatic apical PM is indirect.
Newly synthesized apical proteins are delivered from the TGN first to the basolateral PM where they are selectively internalized and transcytosed to the apical surface. Are apical proteins sorted into rafts at the TGN for delivery to the basolateral PM? Once delivered to the basolateral PM, are apical proteins recruited into rafts that are necessary for apical targeting along the transcytotic route? If so, are rafts present at the basolateral domain or in other transcytotic intermediates?
We determined that only a subset of apical residents in polarized WIF-B cells was detergent insoluble. Examination of the acquisition of insolubility of newly synthesized proteins indicated that apical residents become insoluble with different kinetics and at different places along the biosynthetic pathway. In cholesterol or glycosphingolipiddepleted cells, the basolateral to apical transcytosis of all apical residents examined and polymeric IgA receptor was inhibited. Apical proteins were basolaterally internalized, but blocked at early endosomes indicating that rafts are required for endosomal transcytotic efflux. Biochemical and morphological examination of apical proteins in Fao cells further revealed that raft-dependent sorting is conserved in nonpolarized cells.
Exogenous expression of DPP IV and pIgA-R
WIF-B or Fao cells were infected with recombinant adenovirus particles (0.7-1.4
x 10 10 virus particles/ml) encoding V5/His6 epitope-tagged full-length DPP IV or pIgA-R for 30 min at 37 0 C as described (see Bastaki et al., 2002 for detailed methods and description of constructs). The cells were washed with complete medium and incubated an additional 18 h to allow expression.
Immunoblot Analysis
Cells were rinsed in cold PBS and extracted for 30 min on ice in 0.15 ml lysis buffer (1% v/v Triton X-100, 150 mM NaCl, 25 mM Hepes, pH 7.4) containing 1 µg/ml each of aprotinin, pepstatin, antipain, leupeptin, benzamidine and PMSF. The samples were sheared using a 26G needle and centrifuged at 120,000 x g for 30 min at 4 0 C. The resultant pellet was resuspended to volume with SDS-PAGE sample buffer and boiled for 3 min. Reducing sample buffer was used for analysis of all proteins except HA321 and CD59 both of which required non-reducing conditions (lacking β-mercaptoethanol) for optimal immunodetection. For immunoblotting, anti-5'NT, (affinity purified polyclonal) was diluted to 1:200, anti-CE9 -pIgAR and -Tf-R (rabbit polyclonal sera) were diluted 1:5,000 while ASGP-R and APN polyclonal sera were diluted to 1:1000 and 1:2000, respectively. Anti-CD59 (affinity purified monoclonal) was diluted to 1 µg/ml. HRPconjugated secondary antibodies were used at 5 ng/ml, and immunoreactivity was detected with enhanced chemiluminescence. The relative levels of immunoreactive species in the soluble and insoluble fractions were determined by densitometric comparison of immunoreactive bands.
In Figure 3 , cells were treated with 5 mM mβCD for the indicated times in medium prepared with 5% lipoprotein deficient serum (LPDM) and extracted as described above. In Figure 5 , cells were treated for 24 or 48 h in complete medium with 25 µM FB1 diluted in methanol. For the 48 h samples, cells were renewed with fresh medium and drug after the first 24 h. The control cells were treated with the same methanol concentration for 48 h, renewing after 24 h.
Metabolic Labeling
WIF-B cells were incubated in cysteine-and methionine-free medium for 1 h at 37 0 C. Cells were then labeled for 10 min at 37 0 C in the same medium containing 100-200 µCi trans -[ 35 S] methionine. Cells were rinsed with Hank's buffered saline solution (HBSS), placed in prewarmed, complete medium containing excess unlabeled cysteine (64 µg/ml) and methionine (20 µg/ml) and chased at 37 0 C for the indicated times. For the 20 0 C block, cells were either first chased for 10 min at 37 0 C after labeling or transferred directly to precooled chase medium at 20 0 C for 2 h. To release the 20 0 C block, prewarmed medium was added and the cells returned to 37 0 C. At the indicated times, the cells were rinsed with HBSS and once with cold PBS before extracting and immunoprecipitation.
Immunoprecipitations APN and HA321: The detergent soluble and insoluble samples were prepared as described above for immunoblotting with a few modifications. The coverslips were instead solubilized in 0.9 ml lysis buffer, centrifuged and the resultant pellet solubilized in 0.2 ml of solubilization buffer (1% SDS, 50 mM Tris, 5 mM EDTA, pH 8.8), sheared with a 26G needle until fully resuspended and diluted to 1.0 ml with lysis buffer. The supernatants were corrected to contain the same concentration of solubilization buffer components and diluted to 1.0 ml with lysis buffer. The detergent soluble and insoluble samples were serially immunoprecipitated, first with anti-APN polyclonal antibodies
(1:1000) at 4 0 C for 16 h. Protein-A Sepharose was added for 4 h and samples processed as described (Bartles et al., 1987) . The samples were then incubated with affinity purified polyclonal anti-HA321 (1:1000) and processed as for anti-APN immunoprecipitations. Immunoprecipitates were separated by SDS-PAGE and transferred to nitrocellulose. The membranes were exposed for 18 h -4 d to phosphoimaging plates that were scanned using a phosphorimager (Fuji, Tokyo, Japan).
5'NT. Cells were rinsed in cold PBS and lysed in parallel at 4 0 C for 30 min or at 37 0 C for 15 min in 0.9 ml lysis buffer. The 4 0 C lysates were centrifuged at 120,000 x g for 30 min at 4 0 C and the 37 0 C lysates at 25 0 C. The supernatants were supplemented to contain 20 mM octylglucoside, 10 mM Tris, 1 mM EDTA and diluted to 1.0 ml with lysis buffer. Directly conjugated mAb-Sepharose was used to immunoprecipitate 5'NT as described (Schell et al., 1992) .
Thin Layer Chromatography (TLC)
Cholesterol was measured in control or treated cells grown on coverslips. At the indicated times, total lipids were extracted as described (Bligh and Dyer, 1959) and separated on 10 x 10 cm high performance TLC plates with a mobile phase of hexane:ethyl acetate (80:20). To measure sphingomyelin, control or FB1-treated cells were extracted as described (Bligh and Dyer, 1959) and the lipids separated with a mobile phase of chloroform:methanol:concentrated ammonia (20:5:0.5). Lipids were visualized by charring plates that had been sprayed with 3% cupric acetate (w/v) in 8% phosphoric acid (Macala et al., 1983) .
Immunofluorescence Microscopy
Control or treated cells were fixed on ice with chilled PBS containing 4% PFA for 1 min and permeabilized with ice-cold methanol for 10 min. Cells were processed for indirect immunofluorescence as previously described (Ihrke et al., 1993) . Alexa 488-or 568-conjugated secondary antibodies were used at 3-5 µg/ml.
Internalization Assays
Cholesterol depleted cells: WIF-B or Fao cells were pretreated for 5 min in LPDM in the absence or presence of 5 mM mβCD. Proteins present at the basolateral PM in WIF-B cells or the PM in Fao cells were continuously labeled with specific antibodies diluted in LPDM in the continued absence or presence of mβCD. Rabbit polyclonals against ASGP-R, APN, DPP IV were diluted 1:100, 1:200 and 1:500 respectively. Mouse anti-5'NT, anti-V5 and anti-CD59 were diluted 1:1000, 1:2000 and 1:500, respectively and hybridoma supernatant containing anti-TF-R antibodies was diluted 1:5. After labeling, cells were fixed as above and the trafficked antibodies were labeled with Alexa-488 or -568-conjugated secondary antibodies (3-5 µg/ml) as described (Ihrke et al., 1998) .
For recovery assays, cells were pretreated in LPDM containing 5 mM mβCD for 60 min. Cells were rinsed twice in prewarmed LPDM and incubated an additional 60 min in LPDM in the absence or presence of 365 µg/ml cholesterol-loaded mβCD (equivalent to the addition of 20 µg/ml free cholesterol). Antigens at the basolateral PM (in WIF-B cells) or PM (in Fao cells) were continuously labeled for 60 min in the continued presence of the drug, fixed, permeabilized and stained as above.
Sphingolipid depleted cells: WIF-B cells were pretreated for 48 h in complete medium in the absence or presence of 25 µM FB1 (medium and drug renewed daily).
For experiments where DPP IV or pIgA-R expression was required, cells were infected with recombinant adenovirus after the first day of FB1 treatment. Cells were antibodylabeled, fixed and stained as above.
Kinetic Assays
Total IgG from serum (APN or DPP IV) or ascites (5'NT) was purified (EZ-Sep, Pharmacia AB, Uppsala, Sweden) and biotinylated (EZ-Link sulfo-NHS-biotin, Pierce
Chemical) according to the manufacturers' instructions. To measure internalization, WIF-B cells were continuously labeled with biotinylated antibodies for the indicated times at 37 0 C. The remaining surface-associated antibodies were eluted with isoglycine (200 mM glycine, 150 mM NaCl, pH 2.5) for 5 min at RT and the cells lysed in isoglycine containing 20 mM octylglucoside and 0.5% Triton X-100 for 30 min on ice. Aliquots of the eluate and lysate were incubated in streptavidin-coated 96-well plates (Pierce).
Bound antibodies were detected with HRP-conjugated secondary antibodies followed by colorimetric detection with an HRP substrate detection kit (Bio-Rad, Hercules, CA).
Recycling Assays
Fao PM proteins were continuously labeled as described for the internalization assays. To strip surface-associated antibodies, cells were incubated in isoglycine as described above. The cells were rinsed with PBS, placed in prewarmed LPDM in the absence or presence of 5 mM mβCD and incubated at 37 0 C for 60 min. Cells were fixed and labeled as described for the internalization assays. 
RESULTS

Only a subset of hepatic apical residents are detergent insoluble
To determine the role that rafts play in regulating apical protein trafficking in polarized hepatic cells, we first examined the solubility properties of different classes of endogenously expressed apical residents in Triton X-100. We chose a high-speed centrifugation for separation of the soluble and insoluble fractions (see Discussion). As reported for other epithelial cells, the GPI-anchored proteins that we examined were virtually insoluble in 1% Triton X-100 at 4 0 C in WIF-B cells. As shown in Figure 1A , over 85 and 95% of 5'NT and CD59, respectively, were detergent insoluble at steady
state. Approximately 50% of APN, a single TMD apical resident, was also detergent insoluble. Conversely, two other single TMD apical proteins, DPP IV and pIgA-R, were completely soluble ( Figure 1A ). These differential solubility properties among the apical residents indicate that raft incorporation is not a prerequisite for apical PM distribution in hepatic cells. For comparison, we examined the solubility properties of several basolateral proteins. Basolateral residents, CE9 ( Figure 1A ) and HA321 (see Figure 2) , and basolateral recycling receptors, ASGP-R and Tf-R ( Figure 1A ), were entirely soluble in Triton X-100.
Incorporation into rafts at the TGN is not required for apical PM sorting of 5'NT
Since 5'NT, CD59 and APN were partially detergent insoluble, we determined where in their life cycles insolubility was acquired. The approach we chose was To overcome this experimental barrier, we adopted an alternative method (Cerneus et al., 1993) for determining the insolubility of newly synthesized 5'NT. Unlike at 4 0 C, all of 5'NT was soluble in Triton X-100 at 37 0 C ( Figure 1C) . From the densitometric analysis of the Western blot shown, the steady state amount of 5'NT recovered in the supernatant and pelleted fractions at 4 0 C was the same as that recovered in the supernatant at 37 0 C (160 vs. 163 arbitrary density units). Furthermore, 5'NT in the 37 0 C extracts was quantitatively immunoprecipitated ( Figure 1C) . Thus, the proportion of insoluble 5'NT was determined by subtracting the amount of 5'NT immunoprecipitated from the 4 0 C soluble pool (the soluble fraction) from the amount recovered in the 37 0 C extracts (the total population) ( Figure 1C ). Using this method, we determined that 87.0 ± 6.6% of 5'NT is Triton X-100 insoluble, nearly identical to the value determined from steady state Western blotting ( Figure 1A ). Thus, this method was suitable for the subsequent metabolic labeling experiments.
Cells were 35 S-labeled for 10 min and then chased for 0-120 min at 37 0 C. At each time point, cells were extracted with 1% Triton X-100, the detergent insoluble and soluble pools prepared and the specific molecules immunoprecipitated. Mature APN reached steady state insolubility levels (~45%) quickly, after only 30 min of chase ( Figure 2a ). Insoluble populations of mature 5'NT were also detected after 30 min chase, but accounted for only 20% of the total mature protein pool (Figure 2b ). After 60 min of chase, when 5'NT molecules were fully mature, only ~50% of the 5'NT population was insoluble. Steady state insolubility levels were not observed until 3-5 h of chase (our unpublished data) suggesting that apical delivery was required for complete insolubility to be achieved, a process that takes > 4 h in intact hepatocytes (Schell et al., 1992) or > 3 h in WIF-B cells (Ihrke et al., 1998) . We also noticed that after the 10 min label (0 min chase), 25% of 5'NT was already mature, yet none of this population was insoluble. This suggested that insolubility might not be achieved until basolateral delivery (see below).
For comparison, we examined the solubility properties of the newly synthesized basolateral resident, HA321 ( Figure 2c ). Like APN and 5'NT, mature forms of HA321
were detected after short chase periods, and by 60 min, the molecules were fully mature.
HA321 was not detected in the insoluble fractions consistent with its steady state solubility properties.
To determine whether the insolubility of APN and 5'NT was acquired in the TGN, the presumed site of raft formation (Simons and Ikonen, 1997) , metabolically pulse-labeled cells were subjected to a 2 h 20 0 C temperature block before an additional chase at 37 0 C. The 20 0 C incubation produces a block in post-Golgi transport such that newly synthesized proteins accumulate in the Golgi (Griffiths et al., 1985; Matlin and Simons, 1983; Saraste et al., 1986 and our unpublished data) . Although only 30% of APN was detected in its mature form after the 2 h block (0 min after release), ~25% of that population was detected in an insoluble pool ( Figure 2d ). As more newly synthesized APN matured during the subsequent chase at 37 0 C, the proportion of insoluble APN remained constant, suggesting that APN acquired its insolubility in the TGN and maintained it thereafter. In contrast, 75% of 35 S-labeled 5'NT was mature after the temperature block (Figure 2e ), but none was detected in an insoluble pool. To make sure that the 20 0 C block was not accumulating 5'NT in compartments preceding the TGN, cells were chased for 10 min at 37 0 C before imposing the 20 0 C block to allow further transit along the biosynthetic pathway. As before, nearly all of newly synthesized 5'NT was mature under these conditions, but no insoluble populations were detected (our unpublished data). HA321 examined under the same conditions was never detected in an insoluble pool ( Figure 2f ). These results indicated that different hepatic apical residents were incorporated into detergent-insoluble domains with differing kinetics and at different places along the biosynthetic pathway. A percentage of the single TMD protein, APN, was likely incorporated into rafts at the TGN while the GPI-anchored protein, 5'NT, became raft-associated much later. These observations together with the finding that many apical PM proteins are completely detergent soluble indicate that raft association is not a universal requirement for sorting apical residents from the TGN to the basolateral PM in polarized hepatic cells.
Transcytosis is cholesterol dependent
To determine whether raft association was important in regulating transcytosis in hepatic cells, we depleted polarized WIF-B cells of cholesterol, a condition reported to dissociate raft components (Kilsdonk et al., 1995; Ohtani et al., 1989; Scheiffele et al., 1997) . As measured by TLC, cholesterol was rapidly depleted by the addition of 5 mM mβCD ( Figure 3A ). After only 15 min of treatment, cholesterol levels fell to 52.5 ± 6.4% of control, and by 60 min, were 23.0 ± 10.7% of control. To ensure that mβCD was not toxic when cholesterol was depleted to such low levels, we measured cell viability by trypan blue exclusion. Cells incubated for 60 min in LPDM alone (control) or in the presence of 5 mM mβCD had similar viability levels (91.4 ± 1.9% of control and 89.7 ± 2.6% of treated). Moreover, cells remained polarized (our unpublished data). We also examined the effects of adding lovastatin, another commonly used cholesterol depleting drug. However, even after 3 d of treatment in LPDM, cholesterol levels fell by only 20%
(our unpublished data).
We next determined the solubility properties of apical proteins in cholesterol No such recovery was observed in cells that did not receive exogenous cholesterol (our unpublished data). Thus, the defect in transcytosis was likely due to cholesterol depletion directly.
We quantitated the morphological observations shown in Figure 4 by measuring the relative fluorescence intensity present at the apical and basolateral surfaces of 100-300 individual cells (Table 1) . In control cells, the ratio of apical to basolateral fluorescence for all markers tested was >1 indicating that higher levels of fluorescence labeling was detected at the apical PM. Notably, the ratios for 5'NT and pIgA-R were higher than the others likely reflecting their faster transcytosis kinetics (Ihrke et al., 1998) . In contrast, the ratios of apical to basolateral PM staining in treated cells were all <1 and represented decreases from 70-90% relative to control cells (values in parentheses). This reciprocal staining is evident in Figure 4 . These results indicate that cholesterol is required for transcytosis of single TMD and GPI-anchored apical residents even though it seems not to be relevant to their detergent solubility properties.
Transcytosis is glycosphingolipid dependent
We next determined whether depletion of glycosphingolipids, other raft components, also impaired transcytosis. We treated cells with 25 µM FB1 and monitored glycosphingolipid depletion by measuring sphingomyelin (SM) levels by TLC. Although SM levels do not specifically reflect cellular gylcosphingolipid levels, FB1 inhibits the formation of a common biosynthetic precursor. Also, SM is far more abundant than specific glycosphingolipids in WIF-B cells allowing for more accurate TLC measurement. After 24 h in FB1, ~40% of the SM pool was depleted, and by 48 h, over 60% was depleted ( Figure 5A ). These TLC conditions also resolved cholesterol and as indicated by the arrow in Figure 5A , its levels were unchanged by FB1 treatment. The detergent solubility of 5'NT, CD59 and APN were not altered by FB1 treatment alone ( Figure 5B ), although addition of both FB1 and mβCD solubilized APN and CD59, but only ~ 50% of 5'NT ( Figure 5C ). We also examined the effect of two actin depolymerizing agents, cytochalasin D and latrunculin B, alone and in combination with lipid depleting agents on apical protein insolubility. None of the three apical residents were released into a high speed detergent supernatant after the agents were used alone.
When both mβCD and cytochalasin D were added, APN and CD59 were mostly solubilized, but 5'NT remained in the pelleted fraction. Together these results indicate that other factors impart detergent insolubility to 5'NT.
Although no changes in the solubility properties of the apical residents were e-h insets and see below).
Apical proteins are basolaterally internalized in cholesterol and glycosphingolipiddepleted cells
To further characterize the block imposed by raft disruption in WIF-B cells, we determined the step in the transcytotic pathway that was impaired by mβCD or FB1 treatment. First we examined whether the block was occurring at the basolateral PM by measuring internalization of basolaterally-labeled apical proteins in control and treated cells. As shown in Figure 7A , the internalization of 5'NT was only minimally impaired (< 20%) by mβCD, and only after 60 min of treatment. This minor impairment does not account for the > 80% decrease in apical delivery observed (see Table 1 ). Likewise, the impairment of APN internalization by mβCD (~35%), albeit greater than that seen for 5'NT, could not account for the >90% decrease in APN apical delivery (see Table 1 ).
Furthermore, DPP IV basolateral internalization was virtually unaffected by mβCD; after 60 min of treatment, internalization levels were 97% of control (our unpublished data).
Thus, cholesterol depletion does not significantly block internalization from the basolateral PM in WIF-B cells.
Consistent with the biochemical results, we detected intracellular labeling of transcytosing apical proteins in both control and lipid-depleted cells. However, the extent that the intracellular apical proteins colocalized with recycling receptors in the two conditions was very different. In control cells, the transcytosing proteins colocalized in juxta-apical structures. As shown in Figure 7B , a and b, nearly perfect colocalization was observed for the single TMD protein, APN, and the GPI-anchored protein, 5'NT. These structures represent the SAC, the previously identified transcytotic intermediate, because
they largely excluded cotrafficked ASGP-R, which recycles between early endosomes and the PM (Figs. 7B, e and f) (Ihrke et al., 1998; Tuma and Hubbard, 2001; Wall and Hubbard, 1985) . Although apical proteins traverse the early endosome in control cells, the absence of significant colocalization of ASGP-R and the apical proteins suggests that the latter quickly traverse this compartment. Similarly, the transcytosing apical residents and Tf-R that traverses the early endosome en route to the recycling endosome were not observed in the same intracellular puncta ( Figure 
Cholesterol depletion impairs apical protein trafficking in nonpolarized hepatic Fao cells
We Cotrafficking of APN and Tf-R and of DPP IV and ASGP-R is shown in Figures 8C, c-d and e-f, respectively. Quantitation of these results is shown in Table 1 . In this case, the intracellular fluorescence intensity was measured relative to the intensity present at the PM of the same cell. The apical compartment to PM ratios were all >1 in control cells whereas in treated cells, the ratios were drastically reduced (~70-90%). Thus, cholesterol depletion impaired trafficking to the apical compartment in nonpolarized cells. Addition of exogenous cholesterol reversed the trafficking defect; 5'NT trafficking to the intracellular compartment returned in the presence of 365 µg/ml cholesterol-loaded mβCD (Figure 9a and b).
To determine whether recycling from the apical compartment was also impaired, we examined the trafficking of staged apical proteins. Antibody-labeled APN was continuously internalized for 60 min to load the intracellular compartment (Figure 9c ).
Residual antibodies were surface stripped using isoglycine (Figure 9d ). Recycling to the PM was monitored in the absence (Figure 9e ) or presence of mβCD (Figure 9f ). In both cases, PM fluorescence was regained indicating that recycling does not require cholesterol.
DISCUSSION
Cholesterol and glycosphingolipids are specifically required for transcytotic efflux from early endosomes
The trafficking of apical proteins, recycling receptors and HRP in control and treated WIF-B cells is summarized in Figure 10 . In control cells, newly synthesized apical proteins are sorted from the TGN to the basolateral PM where they are selectively internalized and transcytosed to the apical surface (Bartles et al., 1987; Bartles and Hubbard, 1988; Ihrke et al., 1998; Schell et al., 1992) . Only two intermediates in the hepatic basolateral-to-apical transcytotic pathway have been identified: the basolateral early endosome and SAC (Barr and Hubbard, 1995; Ihrke et al., 1998 ) the early endosome also serves as a trafficking intermediate in at least four separate pathways.
One is recycling, where internalized proteins are returned directly to the basolateral PM (e.g., ASGP-R, Wall and Hubbard, 1985) . Another is endocytic targeting to lysosomes represented by HRP. A third pathway is transport to recycling endosomes depicted by Tf-R and fourth, is the transcytotic pathway that is taken by apical residents. At present, it is not known whether internalized apical proteins normally recycle between the early endosome and basolateral PM. Also, except for pIgA-R, the mechanisms that mediate basolateral internalization of apical residents are not known.
In mβCD or FB1 treated cells, the apical delivery of apical residents was significantly impaired. Because both the rate and extent of their basolateral internalization were not significantly decreased, we propose that TGN to basolateral PM delivery was not impaired, i.e., the same amount of protein was synthesized and available for transcytosis. Similarly, VSV-G delivery from the TGN to the basolateral PM was not impaired in cholesterol-depleted MDCK cells (Keller et. al., 1998) . The internalization results also indicate that raft depletion specifically inhibits transcytotic efflux from basolateral early endosomes. This conclusion is consistent with the detection of intracellular populations of the transcytosing proteins in treated cells that colocalized with trafficked ASGP-R and partially overlapped with Tf-R. We suggest these structures are early endosomes, a common early transport intermediate of each of these molecules.
A block at the early endosome also accounts for impaired pIgA-R transcytosis; it occurs downstream of clathrin-mediated uptake. Recycling endosomes were found to be major storage compartments for cholesterol when the dynamics of fluorescently labeled cholesterol analogs were monitored (Mukherjee et al., 1998) . Immunoisolated recycling endosomes from polarized MDCK cells were also found to be enriched in SM and the raft-associated proteins, caveolin and flotillin (Gagescu et al., 2000) . Late endosomes and lysosomes also have been shown to contain cholesterol, but to much lesser extents (Maxfield and Wustner, 2002) .
The finding that basolateral internalization of apical proteins was not impaired in treated cells further suggests that rafts are not present at the basolateral PM or they do not mediate internalization of transcytosing apical proteins. The former possibility is consistent with results from experiments measuring fluorescence resonance energy between PM-associated raft markers where rafts were found to be at best a minor component of the cell surface (Kenworthy et al., 2000) . However, this contradicts reports from other studies indicating that 70-80% of the PM contains raft-like domains based on their solubility properties (Maxfield, 2002) . Because other factors may also contribute to detergent insolubility (see below), this may be an overestimation. The possibility that raft depletion does not impair internalization has been suggested from experiments examining PM to Golgi delivery of ricin, lactosylceramide and cholera toxin (Puri et al., 1999; Rodal et al., 1999; Shogomori and Futerman, 2001) . In all cases, no decreases in internalization were observed. However, clathrin-mediated internalization of EGF, Tf and Tf-R was severely impaired in cholesterol-depleted CHO and Hep-2 cells where invagination of coated pits was perturbed (Rodal et al., 1999; Shogomori and Futerman, 2001 ). Although we observed increased ASGP-R and Tf-R basolateral staining in treated WIF-B cells, the impairment of internalization was apparently mild given the intense intracellular labeling observed. This discrepancy may be explained by the different experimental conditions used. We had to use lower concentrations of mβCD (5 mM vs.
10 mM in other studies) because WIF-B cells did not tolerate the higher doses (our unpublished data). Similarly, in hippocampal neurons treated with lower concentrations of mβCD, Tf-R internalization was not impaired (Shogomori and Futerman, 2001) .
A general component of the transcytotic trafficking machinery requires raft association
Why does depletion of raft components inhibit transcytosis from early endosomes? Findings that only a subset of the transcytosing proteins are detergent insoluble and that lipid depletion does not significantly alter their insolubility indicates that apical residents themselves do not require raft-association for transcytotic sorting.
Thus, we suggest that raft-dependent sorting is conferred by a general regulator of transcytosis whose activity requires raft association. One good candidate for this regulator is MAL2. The MAL family of raft-associated proteins are ~20 kDa tetraspanning TMD proteins. Using an anti-sense approach, direct apical delivery was found to be decreased in MDCK cells lacking MAL; the ectopic expression of human MAL rescued the defect (Martin-Belmonte et al., 2000; Puertollano et al., 1999) . Thus MAL has been implicated as an important player in direct apical sorting. Interestingly, liver does not express this MAL isoform, a finding consistent with the absence of direct apical delivery of single-TMD and GPI-anchored apical residents in hepatocytes. Recently, another MAL isoform was identified, MAL2, that is enriched in hepatic cells (De Marco et al., 2002; Wilson et al., 2001) . In HepG2 cells treated with anti-sense oligonucleotides, transcytosis of pIgA was blocked from early endosomes to what appeared to be the SAC (De Marco et al., 2002) . Thus, raft depletion may prevent MAL2 from sorting transcytosing proteins from early endosomes.
Another possible class of regulators is the SNAREs. In both PC12 and MDCK cells, PM-associated t-SNAREs were detected in detergent insoluble complexes (Chamberlain et al., 2001; Lafont et al., 1999) . Confocal microscopic inspection of isolated PMs further revealed that t-SNAREs were present in clusters (Lang et al., 2001 ).
Cholesterol depletion dispersed the clusters and correlated with decreased exocytic activity (Chamberlain et al., 2001; Lang et al., 2001) . Similarly, the apical SNAREs, syntaxin 3 and Ti-VAMP, were solubilized by mβCD in MDCK cells (Lafont et al., 1999) . These results suggest that the cholesterol-dependent organization of SNAREs is required for proper vesicle docking and fusion. If this organization is shared by SNAREs present on intracellular organelles, then the defect in transcytosis we observed might be explained by perturbed vesicle docking and fusion with the SAC or apical PM.
Why do the same molecules have different solubility properties and what imparts detergent insolubility?
The solubility properties of the apical residents presented in this study do not completely agree with other published determinations. For example, pIgA-R in intact enterocytes was ~50% insoluble whereas it was completely soluble in WIF-B cells or FRT cells (Hansen et al., 1999; Sarnataro et al., 2000) . Also, endogenous DPP IV is soluble in WIF-B, but partially insoluble in Fao cells, Caco-2 cells and intact enterocytes (Alfalah et al., 2002; Danielsen, 1995) . There are several possible explanations for these disparate results. First, not all soluble and insoluble fractions are created equally. Many methods are cited for the preparation of detergent insoluble domains. Perhaps the most prevalent one used includes a short, low speed centrifugation (11,800 x g for 2 min). At the other extreme is a 30 min spin at 120,000 x g. When we tested these methods directly we found insolubility varied 2-3-fold for APN and 5'NT (our unpublished data). Thus, it is important to note the methods used when making comparisons.
Perhaps a more interesting explanation for the differential solubility properties may reflect important differences in the cellular context. In particular, variations in membrane lipid composition may alter detergent insolubility. Similarly, these differences may also point to specialized mechanisms for protein sorting present in specific epithelial cell types. Are different MAL isoforms or SNAREs regulating specific protein sorting steps? Also important to consider are the different protein concentrations in different cell types. The more concentrated population of DPP IV at the Fao PM was more insoluble than in WIF-B cells. The reasons for this are not clear, but this finding is important to consider when comparing results from different cell types.
What factors contribute to detergent insolubility? Although FB1 significantly decreased SM levels, all apical proteins tested maintained control insolubility levels.
FB1 also failed to solubilize GPI-anchored proteins in FRT cells (Lipardi et al., 2000) . 
Another example of the presence of polarized transport pathways in nonpolarized cells
The results presented in this study add to the growing list of similarities between trafficking patterns in polarized and nonpolarized cells. Recently we reported that like Detergent extractions and sample processing were performed as described in B.
Representative TLC and Western blotting results from three independent experiments are shown. std, standard; chol., cholesterol; SM, sphingomyelin 
